In virtual reality and multimedia applications, 3D polygonal models are increasing in number. Similarity retrieval is an important task in 3D polygonal model databases. We present rotation invariant shape descriptors for similarity retrieval. Our feature descriptor grouping technique overcomes the efficiency problem of query processing in high-dimensional shape descriptor spaces. Although high-dimensional feature descriptors are reduced by our techniques, they maintain high recall and precision.
Multimedia Databases
There has been an increasing demand for 3D model databases. Applications of 3D model retrieval include education, e-commerce, 3D trademarks and entertainment. Researchers have been investigating retrieval methods from non-text sources such as images, audio and video. In particular, image retrieval research has been performed in last 10 years. Image retrieval methods can be classified into text-based and content-based methods. Text-based methods use keywords or labels as indices. Indexing of the database can be done manually. It is a time consuming task and may lead to poor retrieval results because it relies heavily on the person who does the indexing. Content-based methods use features, such as shape, color and texture. These features are extracted automatically by using image manipulation algorithms. Much work has already been done for 2D images [l] [2] [3] and video, but there has been little research on content-based retrieval using rotation invariant shape descriptors for 3D polygonal model databases. 
Feature extraction from data files
3D polygonal models can be generated from a variety of different sources, including 3D modeling software, laser scanners, optical scanners and coordinate measuring machines. There are many data formats available to describe 3D polygonal models. Since the feature extraction process has to be able to recognize data formats correctly, lexical analyzer and parser are required. The purpose of lexical analyzers is to take a stream of input characters and decode them into higher level tokens that a parser can understand. The parser implements a grammar, which is defined as one or more goal states reaxhed by recognizing various sequences of tokens. Various kinds of information such as text, vertices, polygonal faces, material colors, audio and movies can be extracted from the parser information. In this paper, only 3D model shapes are of concern, thus only information related to vertices was used.
Point clouds of 3D models
When a 3D graphical object is displayed, a set of points is used to represent the shape (Figure 2(a) ).
This set of points is connected by lines to form a wireframe (Figure 2(b) ). This wireframe shows a set of polygons. Once polygons have been created, the rendering algorithm can shade the individual polygons to produce a solid object (Figure 2 (c)). We have used the Since the distributions of the point clouds depend on how the 3D model is generated, we have normalized point positions by using polygon triangulation programs. The density of the point clouds are rough shape descriptors of the 3D models which include curvature, height, width and positions. These feature descriptors are not rotation invariant, because orientations of 3D models are defined by those who designed the 3D models. Orientations may be normalized by rules. Suitable rules to set 3D model orientations depend on the purpose of the applications. When we apply the rotation to the cell which has one of the above coordinates, the calculated new coordinate is also one of the above. This means that these 8 cells have no path to any other cells. For instance, the cell which lies at the origin can keep its own position even if rotations are applied, so it has an independent path.
Equivalence Classes
Each cell can be classified by the unique paths. Rotation operations are needed to find the unique path.
The rotation matrices the about X , Y and 2 axes are: In the case of 3 x 3 x 3 grid, we can define the following four functions to calculate the rotation invariant feature vectors in the order of 90 degrees. Twenty seven vectors were reduced to 4 vectors by these equations. 
The Nuhber of Equivalence Classes
The number of equivalence classes Qnum can be counted by the following equations:
k=O
An N x N x N grid has a N = 2 x n + 1 relation. If the grid size is larger than 7 x 7 x 7, the first part of the equation 9 is used, otherwise the second part of equation 9 is used. As shown in Figure 6 , the number of cells increased rapidly for the higher resolutions of the N x N x N grid compared to the number of equivalent classes. Comparisons of the huge number of vectors cause inefficient retrieval, and it requires more memory to store the vectors. Statistical approaches such as principal component analysis, multidimensional scaling and multiple regression analysis can be used to reduce the size of the vectors for similarity retrieval. However, these approaches need a sufficient number of data samples and processes to determine which vectors can be eliminated.
Results
We have implemented an effective retrieval system. Retrieval results were evaluated by comparing the sim-ilarity retrieval by grid based feature descriptors with the rotation invariant feature descriptors. We have also evaluated multiple resolutions of grids to determine how resolutions are related to the similarity retrieval. For these experiments, recall and precision are calculated. We implemented our method using Linux GCC++ and evaluated it on a database of 1500 furniture models. Figure 7 shows the snap shot of the retrieval system. The implemented system can display VRML furniture models as 3D images. The users query the search results by rotating and scaling the 3D models interactively.
Retrieval System

Retrieval Results
We tested our method with ofice furniture models. The test models are written in VRML (Virtual Reality Modeling Language) that contains 1500 models. The content of the 3D models includes a variety of models such as sofas, chairs, desks and tables. The average size of the polygons was 500 to 3000 faces. We have compared (A) retrieval by grid-based feature descriptors with (B) the retrieval by rotation invariant feature descriptors. There were 125 vectors used for the retrieval by grid-basecl feature descriptors. Since vectors are compressed to 10 vectors by the grouping techniques based on equivalence classes, the retrieval by rotation invariant feature descriptors uses only 10 vectors. Figure 8 shows the retrieval result of the sofa object. Although the feature descriptor vectors are compressed, our technique maintains good search results. Figure 9 shows another query example. In this case different models are shown with the same query key, because our technique can handle rotations of the order of 90 degrees. Our technique may not be suitable for fine details, but it sufficient enough to cluster 3D models in terms of coarse description. It seems to perform well with models containing a symmetric structure relation. We have tested retrieval performance with recall (completeness of retrieval) and precision (purity of retrieval). Recall signifies the proportion of relevant 3D models in the entire database that are retrieved in the query. Precision is the proportion of the retrieved images that are relevant to the query. In each query experiment, the distance between each key 3D model and all 3D models in the database is computed. The 3D models are sorted in order of lowest distance to the key 3D model. The recall and precision are measured for each 3D model in this order. Grids size determination is an important issue for a similarity retrieval system. Coarse resolutions of the grid do not cause bad recall and precision. The best resolution can be set by considering what kinds of 3D models are in the database. Some 2D image retrieval research reports also show that a higher resolution does not have to show good results. For the office furniture data set, a grid size of 7 x 7 x 7 showed the best result as shown in Figure 10 . Figure 11 shows the retrieval result of the office furniture objects.
Conclusion
Due to the increasing size of 3D polygonal databases, efficient query processing is important. Since our technique reduces the size of feature descriptors, it enables fast queries of 3D polygonal databases. Although high-dimensional feature descriptors are reduced by our technique, it maintains high recall and precision. We also present equivalence classes for a 3D grid in the order of 90 degrees rotation.
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